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The first appearance of pinnacle reef tracts, composed of hundreds to thousands of localized biogenic structures protruding tens to hundreds of meters above the surrounding mid-Silurian seafloor, represents a step change in the evolution of the marine biosphere. This change in seafloor morphology opened a host of new ecological niches that served as "evolutionary cradles" for organism diversification. However, the exact timing and drivers of this event remain poorly understood. These uncertainties remain, in large part, due to a paucity of index fossils in the reef facies, the difficulty of correlating between the offshore pinnacle reefs and more temporally well-constrained shallow marine facies, and cryptic unconformities that separate amalgamated reefs. Here we use δ 13 C carb stratigraphy within a sequence stratigraphic framework to unravel these complex relationships and constrain the origination of Silurian pinnacle reef tracts in the North American midcontinent to near the Pt. celloni Superzone-Pt. am. amorphognathoides Zonal Group boundary of the mid-Telychian Stage. In addition, we identify a striking relationship between pulses of reef development and changes in global δ 13 C carb values and sea level. Viewed through this new perspective, we correlate prolific periods of reef development with short-lived carbon isotope (δ 13 C carb ) excursions and eustatic sea level change that, ultimately, reflect perturbations to the global carbon cycle. From changes in the dominance of microbial reefs of the Cambrian to metazoan colonization of reefs in the Middle Ordovician, through the subsequent collapse of metazoan diversity with the Late Ordovician mass extinction, and the first appearance of early Silurian (Llandovery) pinnacle reef tracts and their proliferation during the late Silurian (Wenlock-
Introduction
For the last 540 million years, reefs have served as a wellspring for the diversification of marine organisms. The appearance of vertically tiered and cryptic habitats created by the development of reefs on otherwise featureless seafloors provided nuclei for biodiversification (Kiessling et al., 2010) . The evolution of this geomorphological and ecological phenomenon is described as one of the most significant events in the history of life (Flügel and Kiessling, 2002) . Microbial reefs produced by cyanobacteria, the precursors E-mail address: pimclaug@iu.edu (P.I. McLaughlin).
of metazoan reefs, first appeared in the Archean (James and Wood, 2010; Riding, 2011) . With the exception of ecological niche expansion from supratidal to shelf margin settings, early reef characteristics remained unchanged for billions of years, typically forming only gentle swells dotting the Proterozoic seafloor. Metazoan colonization of microbial reefs began in the latest Neoproterozoic to early Cambrian. Despite this change, reefs remained low-relief features that hosted relatively low-diversity populations. The late Cambrian to Early Ordovician featured a resurgence of microbially dominated reefs (Riding, 2006) . The protracted Great Ordovician Biodiversification Event (Early to Middle Ordovician) that followed marked a profound change in reef development. It fostered highrelief stromatactis-bearing mud mounds and the evolution of di- verse metazoan reef assemblages including, for the first time, a consortium of corals, sponges, and bryozoans (Webby, 2002 ) that acted as important framework builders and sediment bafflers. Yet it was not until the emergence of large wave-and current-resistant pinnacle reef tracts during the early Silurian that the seascapes of planet Earth forever changed and altered the trajectory of marine biodiversity (Kiessling, 2002) .
The dominance of pinnacle reefs (defined here as localized biogenic marine structures with >10 m of original synoptic relief) through the Silurian and Devonian has long been hypothesized as a consequence of a prolonged period of stable high-CO 2 greenhouse conditions (Copper, 2002) . However, recent sedimentologic and oxygen isotopic data indicate this interval was marked by pulses of severe cooling and glaciation, generally interpreted as reflecting the drawdown of atmospheric CO 2 during perturbations to the global carbon cycle (e.g., Trotter et al., 2016) . Thus, the relationship between high-CO 2 greenhouse climatic states and periods of reef dominance merits re-evaluation. Viewed at a coarse temporal scale, the Silurian, Devonian, Jurassic, and Miocene are intervals of the Phanerozoic having elevated abundances of pinnacle reefs (Kiessling, 2002) . However, when viewed at a finer temporal resolution, these intervals are characterized by short-lived "reef episodes" separated by longer intervals of muted reef development (e.g., Brunton et al., 1998; Webby, 2002) . Consequently, reef evolution may not be gradualistic, but instead characterized by abrupt changes in abundance, size, composition, and spatial distribution. The primary objective of this study is to couple high-resolution facies analysis and δ 13 C carb stratigraphy within a sequence stratigraphic framework to refine the age assessment and constrain the environmental conditions of the first Silurian pinnacle reef tractsfeatures that were hundreds to thousands of kilometers long and composed of thousands of individual reefs with an intercontinental distribution that reflects a fundamental change of global seascapes. A derivative outcome of this investigation is the recognition of a relationship between periods of reef development, sea level fluctuation, and global δ 13 C carb variations. Specifically, this empirical relationship indicates that periods of reef proliferation correspond in part with δ 13 C carb excursions throughout much of the Paleozoic. We use the observed correlation to explore cause-and-effect relationships between global carbon cycle perturbations and the environmental changes that promoted pinnacle reef formation.
δ 13 C carb stratigraphy
Advances made over the last several decades in high-resolution carbon isotope stratigraphy now enable global deep-time stratigraphic correlation at an unprecedented resolution and are enhancing the study of ancient coupled marine and atmospheric processes (e.g., Jenkyns et al., 1994; Kaljo et al., 1997; Gill et al., 2011) . Carbon isotope stratigraphy of carbonate (δ 13 C carb ), in particular, applied in unison with other biostratigraphic, chemostratigraphic, geochronologic, and astrochronologic data, has revolutionized our ability to precisely constrain the age of strata. Recent Silurian studies ( Fig. 1 ; e.g., Cramer et al., 2010 Cramer et al., , 2012 are at the forefront of this research, demonstrating that some intervals can now be globally correlated at a precision approaching 100 k.y. or better. The Silurian global composite chronostratigraphic standard (sensu Cramer et al., 2011) , together with more recent biostratigraphic and chemostratigraphic studies of Silurian strata in eastern North America (e.g., McLaughlin et al., 2012; Waid and Cramer, 2017) , provide the framework for chronostratigraphic interpretation employed in this study (Fig. 2) .
Multiple studies now demonstrate Silurian δ 13 C carb excursions are coincident with evidence of global bioevents and oceanic and climatic changes Trotter et al., 2016; Emsbo, 2017) . Surprisingly, these pat- (Runkel et al., 1998) . Related directly to our study, this late Cambrian event also coincided with a global change in reef types (Lee et al., 2015) .
Pinnacle reefs: a stratigraphic challenge
Pinnacle reefs form within carbonate banks and adjacent slopes that straddle the interface between shallow and deep marine systems, forming a complex mosaic of different deposit types. The morphology and location of reefs reflect a range of tectonic, oceanographic, and climatic processes (cf., Schlager, 2005) . The mosaic of reef and interreef strata characterizing the transition from shallow to deeper environments is difficult to study. Reefs, for example, have a tendency to nucleate on sea floor highs associated with older reefs. Contacts between discrete reef generations can be cryptic, even in full mountainside outcrop exposures. Thus, accurately tracing beds or even bed bundles associated with reefs systems from ramp or shelf, to slope, and out into deeper water deposits can be fraught with uncertainty. These complications, combined with the paucity of index fossils in reef intervals is, in part, responsible for enduring uncertainty about their genesis, particularly among pinnacle reefs. Nonetheless, the fossil reef literature amply addresses temporally episodic occurrence (at the scale of 10 6 yr), tectonic/geomorphologic controls on spatial distribution, as well as diverse composition, taxonomic diversity, and reef morphology (e.g., Heckel, 1974) . Silurian reefs are commonly apportioned into different categories as a function of size, spatial distribution, and compositional diversity and complexity. Onshore-offshore gradients, with smaller patch reefs nearshore, larger closely spaced pinnacle reefs at the ramp or shelf edge, and the tallest pinnacle reefs just farther outboard, characterize Silurian reef complexes. The largest known Silurian pinnacle reef tract spans more than 2000 km along the margin of the Franklinian Basin of the Canadian Arctic Archipelago and Greenland, which in places is more than several hundred meters thick (Sønderholm and Harland, 1989) . The remote setting of this spectacular reef tract has impeded its detailed biostratigraphic study. However, the complex morphology of these reefs indicates a history of expansion and contraction that was likely interrupted by episodic exposure and wasting. Such complexities are common to pinnacle reef tracts and indicate the need for applying integrated high-resolution chronostratigraphic techniques, including carbon isotope stratigraphy, to fully characterize their histories. 
Silurian carbonates of the North American midcontinent
Silurian strata of the North American midcontinent region represent one of the world's great Phanerozoic carbonate factories (Kiessling et al., 2003) . This region contains >1 million km 2 of a generally continuous, undeformed, shallow to deep marine carbonate record. The lower Silurian (Telychian) paleogeography of this region consists of a series of east-west-trending basins and arches that roughly paralleled the convergent southern Laurentian margin (Fig. 3C) . The broad Algonquin Arch separated the Michigan Basin carbonate ramp from the mixed carbonates and clastics of the Appalachian Basin. The mid-Silurian chronostratigraphic framework for the Appalachian Basin and Algonquin Arch was recently revised by McLaughlin et al. (2012) .
Reconstruction of mid-Silurian depositional history from the massive carbonate succession of the Michigan Basin has challenged generations of geologists. Regional chronostratigraphic correlation has been a challenge because, while most studies have consisted of detailed investigations, they were limited to discrete time intervals within this extensive carbonate system. For example, studies in northwestern Wisconsin (Door County, Fig. 3B ) have generally focused on lower to middle Llandovery sections in relatively thin and scattered outcrop sections (see Harris and Waldhuetter, 1996 and references therein), whereas studies of southeastern Wisconsin have focused on younger Wenlock and Ludlow age strata in deep quarry exposures (cf., Watkins and McGee, 1994; Mikulic and Kluessendorf, 1998 , and references therein). Regional correlation studies have largely pertained to the Llandovery brachiopodbearing carbonate successions of Iowa and eastward across northern Wisconsin into the Upper Peninsula of Michigan and Ontario's Manitoulin Island (e.g., Colville and Johnson, 1982) . The relative ages of strata across this region are largely defined by brachiopod lineages alone, thus complicating precise chronostratigraphic correlations derived from more cosmopolitan groups such as conodonts. However, recent work in the type-Llandovery area of Wales (Davies et al., 2016) and Iowa (Waid and Cramer, 2017) resulted in cross calibrations among brachiopods, conodonts, graptolites, chitinozoans, and the δ 13 C carb record (Fig. 1) . Particularly relevant to our study is the occurrence of the Pentamerus-Pentameroids brachiopod lineage boundary at the Schoolcraft-Cordell contact in northeastern Wisconsin, indicating a lower Telychian age. Also important are the occurrence of zonally diagnostic conodonts Pterospathodus eopennatus, Pterospathodus amorphognothoides amorphognothoides, Kockellela ranuliformis, Ozarkodina sagitta rhenana, and Kockellela walliseri within the Brandon Bridge and Waukesha formations at Milwaukee (Kuglitsch, 2000; Kleffner et al., 2018) , indicating a late Telychian to early Sheinwoodian age. These two robust chronostratigraphic tie points anchor our high-resolution δ 13 C carb analysis.
Study approach
Recent geologic mapping in eastern Wisconsin by the Wisconsin Geological and Natural History Survey generated more than a dozen new continuous drill cores spanning the entire Silurian record. These cores allow systematic evaluation of the Silurian strata in the less-studied subcrop belt of eastern Wisconsin. The Silurian succession comprises (in ascending stratigraphic order) the Burnt Bluff Group, Schoolcraft, Cordell, and Engadine formations in the northeast, and the Brandon Bridge and Waukesha formations in the southeast (Milwaukee area; Fig. 1 ). New and archived cores, totaling nearly 4 km of section, were carefully studied and provided comprehensive sampling across a broad range of facies. These strata were used to improve chronostratigraphic resolution and refine the paleogeographic setting and sea level history of deposits in the Wisconsin portion of the Michigan Basin at an unprecedented spatial and temporal scale (Fig. 3B) .
Our detailed chronostratigraphic assessment of this carbonate succession integrates δ 13 C carb stratigraphy anchored by published conodont and brachiopod biostratigraphy, which thereby allows the use of data from both outcrops and subsurface cores across the region Kuglitsch, 2000) . Moreover, conodont 87 Sr/ 86 Sr results (Kuglitsch, 2000) provide additional chronostratigraphic constraints for interpretation of our high-resolution δ 13 C carb profiles.
Whole-rock powders were typically collected from cores at 60 cm spacing, although spacing ranged from 5 to 120 cm depending on facies complexity. A total of 641 samples were preferentially drilled from micrite or associated fine-grained carbonate lithologies for carbon and oxygen isotope analysis. During sampling, brachiopods, corals, and other skeletal fragments were avoided where possible; vugs, stylolites, and similar metasomatic features were not sampled. 
Results
Stratigraphic sections along the 200 km transect of the Michigan Basin produced δ 13 C carb profiles that share many features (Fig. 4) . Values for δ 13 C carb range from −1.0 to +5.0h, with wellstratified intervals (i.e., lacking reefs) displaying the lowest degree of scatter (see Supplemental Table 2 for raw data). Sequential samples generally define smooth trends and vary less than 0.2h between consecutive samples, except for occasional abrupt offsets that range from 0.3 to 2.0h. The base of the upper Burnt Bluff
Group is characterized by negative δ 13 C carb values that are about 1.1 to 2.1h below baseline of ∼+1.0h ( values at the base of the upper excursion suggest that it is separated from the underlying strata across the study area by an unconformity. These relationships provide strong evidence that the Engadine Formation is composed of a stacked sequence of discrete reef generations having two distinctly different ages.
Facies analysis was used to separate the lithostratigraphic units into six level-bottom categories that reflect deep subtidal to peritidal deposition (Fig. 5 ) and three biohermal facies (Fig. 6 ). In the study area, the stratigraphic distribution of facies is often compartmentalized; individual facies rarely grade into others, but rather are in sharp contact at occasionally mineralized hardground surfaces across which the facies change abruptly (Figs. 4 and 5) . The subtidal "cherty" facies (Schoolcraft and Cordell formations) is one of the most distinct and common in the study area; less common are the "coquina" and "cross-bedded" facies (Schoolcraft and Engadine formations, respectively). Except for the coquina facies, deposits of each facies are dominated by micrite. The reefal facies (Engadine Formation; Fig. 6 ) exhibits thick muddy intervals that include abundant stromatactis that alternate with more fossiliferous intervals dominated by stromatoporoids, corals, and pelmatozoans. 
Discussion

Late Aeronian to Sheinwoodian chronostratigraphy of the Midcontinent
This study provides a high-resolution chemostratigraphic framework, bracketed by biostratigraphic tie points, that constrains the age distribution of facies packages in the late Aeronian to basal Sheinwoodian of the midcontinent. Beginning at the base of the studied succession, the negative δ (Kuglitsch, 2000) is coincident with the uppermost positive excursion, demonstrating that it is unmistakably the Ireviken Excursion, the onset of which functionally marks the Telychian-Sheinwoodian boundary globally ( Fig. 2 ; Cramer et al., 2010; Munnecke et al., 2010 
Covariation of sequence stratigraphic and δ
C carb patterns
Analysis of the chronostratigraphically ordered facies succession confirms that the late Aeronian to early Sheinwoodian age strata of the Michigan Basin are divisible into three 3 rd -order depositional sequences that show covariance with δ 13 C carb patterns ( Fig. 7 ; Brett et al., 1990) . The age distribution of these sequences is close to those defined in the Appalachian Basin and, thus, we use that nomenclature here. In the study area, the basal part of Silurian sequence II begins with a maximum flooding interval developed in the upper Burnt Bluff. Regression is apparent in the progression from burrowed to cherty facies upward into the Schoolcraft, culminating in mud-cracked laminite facies and hardgrounds marking subaerial exposure (Silurian sequence II/III boundary). This regressive facies succession is paralleled by rising values in the ascending limb of the Valgu Excursion (Fig. 7) . Sequence III begins with an abrupt deepening, indicated by the shift to cherty facies of the Cordell Formation. Strata of this relatively deep-water facies persist for tens of meters up-section, showing little shallowing or deepening trend. The interval is capped by a cluster of hardgrounds (datum of Fig. 4 ) and an abrupt shift to the cross-bedded facies of the Engadine Formation. This facies offset is interpreted as the Silurian III-IV sequence boundary (sensu Brett et al., 1990) , an unconformity widely recognized across the North American midcontinent (cf., Kluessendorf and Mikulic, 1996) . This unconformity is directly overlain by strata containing the Manitowoc Excursion. Sequence IV, beginning with cross-bedded facies of the Engadine Formation, transitions upward to reefal facies as much as 50 m thick, marking the transgressive systems tract. In places the reefs are overlain and separated laterally by the cherty facies of the upper tongue of the Cordell Formation of the sequence IV highstand systems tract. The succession is capped by an abrupt reappearance of the cross-bedded and reefal facies (i.e., upper tongue of Engadine Formation) across much of the study area and a positive shift in δ 13 C carb values of up to 3h. In several sections, this contact is a bored and mineralized hardground representing subaerial exposure and subsequent marine modification, marking the base of sequence V (Telychian-Sheinwoodian boundary; Fig. 4 ). These new chronostratigraphic constraints on the late Aeronian to early Sheinwoodian age strata of the North American midcontinent reveal a striking relationship between shifting facies patterns, representing changes in sea level and the δ 13 C carb profile (Fig. 7) . Of particular note, the ascending limbs of the positive δ 13 C carb excursions correspond with facies changes consistent with progressive sea level fall. The associated deposits are capped by exposure surfaces at peak δ 13 C carb values, which are in turn overlain by reefs. The comparison of this Michigan Basin succession with strata in other parts of Laurentia further reinforces these patterns (Fig. 8) .
Synchroneity with adjacent basins
Despite differences in tectonic history and proximity to the open ocean, the carbonate-dominated Michigan and Anticosti basins have strikingly similar Telychian facies and δ 13 C carb trends.
On Anticosti, the ascending limb of the Valgu Excursion culminates with crinoidal shoal facies having peak δ 13 C carb values ( Fig. 8 ; Munnecke and Männik, 2009 ). The overlying lower Chicotte Formation contains prominent erosional surfaces (Desrochers, 2006) , one of which may mark the subaerial unconformity separating sequences II and III (sensu Brett et al., 1990) . Above this surface, the occurrence of small 2-to 10-m-thick muddy reef deposits (∼15 m above the base of the Chicotte Formation), which lack photic zone indicators, has been interpreted as a substantial transgression (Desrochers et al., 2007) . Most striking is an unconformity surface developed on the middle Chicotte (i.e., the "mid-Chicotte unconformity" of James et al., 2015) that is characterized by up to 50 m of relief; we suggest that this is the sequence boundary separating sequences III and IV. Importantly, the minimum amount of relative sea-level fluctuation required to form this unconformity surface and, subsequently, to build pinnacle reefs in the Michigan Basin is at least 50 m.
Sequence stratigraphic patterns preserved within the late Aeronian to early Sheinwoodian strata of the Appalachian Basin are also similar to the Michigan Basin succession (Fig. 8) . The mixed carbonate-siliciclastic setting of the Appalachian Basin provides valuable additional insight as the clastic sediments accentuate some eustatic patterns. For example, diminished clastic sediment inputs to the basin during transgression generally stimulates carbonate production, whereas the influx of siliciclastic sediment during regression generally suppresses it (cf., Brett et al., 1990; McLaughlin et al., 2012) . Within the Appalachian Basin, the rising limbs of the Valgu, Manitowoc, and Ireviken positive δ 13 C carb excursions are accompanied by progradation of sand and silt wedges from the clastic margin (Fig. 8) . In the case of the Valgu and Manitowoc excursion intervals, the regressive sands are capped by maximum flooding surfaces with iron mineralization and outsized clasts that represent transgressive lag deposits, overlain by offshore shales. On the opposing cratonic margin of the basin, transgressive packages are defined by thin phosphatic and glauconitic carbonate successions. The Ireviken Excursion interval is noteworthy because the regressive sequence is abruptly superseded by a transgressive interval characterized by interbedded ironstones and quartz arenites overlain by offshore shales that developed on the clastic margin associated with a short-lived negative δ 13 C carb excursion (>3.0h), during an otherwise positive excursion interval. On the cratonic margin of the basin, this transitory negative excursion is preserved in the gray shales and thin glauconitic skeletal carbonates that mark the contact with the Rochester Shale. Positive δ 13 C carb values return with the sudden appearance of small reefs (0.5-5.0 m tall). This negative excursion has also been recorded in the early part of the Ireviken Excursion using organic carbon isotopes in the Baltic and Welsh basins (reference horizon 2 of Cramer et al., 2010) , which reflects its global nature. This prominent but short-lived event has yet to be directly documented in the carbonate-dominated succession of the Michigan Basin (Fig. 7) .
Prior to interpreting the processes that generated the δ 13 C carb patterns recognized above, it is critical that they are evaluated through standard tests. Isotopic studies of carbonates deposited in modern restricted shallow marine environments show that the interpretation of δ 13 C carb profiles should be approached with caution (Supplemental Text Section 1). Specifically, these studies show that carbon in modern shallow marine environments can be isotopically decoupled from the open ocean dissolved inorganic carbon (DIC) reservoir and that global sea level fluctuations can cause synchronous changes in δ 13 C carb of platform sediments that are unrelated to the global carbon cycle. Integration of high-resolution δ 13 C carb stratigraphy, sedimentology, sequenceand chrono-stratigraphic correlation within the Michigan and adjacent basins indicate pinnacle reef growth and a host of paleoenvironmental changes might be tied to the global carbon cycle. In light of the potential import of these relationships, we combined the results of our study, a robust literature review, and established methodologies from studies of modern and ancient carbonate depositional environments to thoroughly evaluate the fidelity of our results as viable proxy records of the global carbon cycle (Supplemental Text Section 1). Together, our holistic integration of these data and observations, possibly the richest for any Paleozoic event, indicates by all measures that these phenomena are linked to perturbations of the global carbon cycle.
A sea level paradox
Facies analysis of rocks preserved in the Michigan, Appalachian, and Anticosti basins define a consistent relationship between Llandovery-Wenlock sequence stratigraphic and δ 13 C carb trends. As emphasized previously, the rising limbs of these positive δ 13 C carb excursions are accompanied by synchronized shallowing trends that culminate in subaerial exposure surfaces at peak δ 13 C carb values (Fig. 8) . Notably, strata deposited during the Wenlock and Ludlow age Mulde and Lau positive δ 13 C carb excursions, respectively, preserve similar patterns (Calner, 2006) . Further, the observed shallowing is consistent with δ 18 O data that link distinct cooling events with the positive δ 13 C carb excursions ( Fig. 1; Trotter et al., 2016) . Paradoxically, the subaerial exposure surfaces are overlain by pinnacle reef successions that retain the peak values of the δ 13 C carb excursion. These patterns are not unique to this interval; in fact, they closely match classic carbonate depositional models in which pinnacle reefs rest on hardgrounds outboard of the shelf margin or on the steepened distal margins of ramps (cf., Kendal and Schlager, 1981) . Silurian pinnacle reefs above the exposure surfaces have "catch up" geometries suggesting growth during transgression to early highstand in relatively deep water (Sarg, 1988) .
The observation that these reefs nucleate on or just above exposure surfaces, but still record peak δ 13 C carb values, when sea level should be at its lowest, raises an important question-why does sea level suddenly appear to decouple from the global carbon cycle? Likely, normal subsidence rates within this intracratonic basin (∼1 m per 70 k.y.; Figs. 4 and 7) are inadequate to produce requisite water depths because the duration of Silurian carbon isotope excursions is generally <1.0 m.y. (e.g., Cramer et al., 2012) .
Similarly, rapid tectonic subsidence events are an unlikely mechanism because they would have to correlate precisely with multiple global carbon cycle events that occurred synchronously across multiple basins and continents. Unfortunately, the stratigraphic suggest a sudden injection of light carbon from methane, as has been increasingly observed in the geologic record (cf., Kump et al., 2009) . Injecting a greenhouse gas more than two orders of magnitude more powerful than CO 2 would have caused a fleeting pulse of warming (because methane decays rapidly in the atmosphere). Such a brief pulse might have yielded short-lived but dramatic sea level rise similar to other negative excursions, superimposed on otherwise positive excursion events. Although an in-depth analysis is beyond the scope of this study, the similarity of the Valgu and Manitowoc excursion records to the Ireviken raises the tantalizing prospect that transient releases of methane may be an intrinsic component of these global carbon cycle perturbations in the Silurian. If so, fleeting and rarely identified methane releases may be the underlying culprit responsible for decoupling sea level and carbon isotope records during positive δ 13 C carb excursions. Moreover, the sudden occurrence of reefs across the Appalachian and Michigan basins during recovery to peak δ 13 C carb values may accord with the concept of "calcification overshoot" that drives hypercalcification immediately following acidification events (Kump et al., 2009) . The idea that the effects of ephemeral methane release (marked by short-lived negative δ 13 C carb excursions) during otherwise positive excursions may be concealed in these fragmented stratigraphic records is highly speculative, but warrants further investigation, because these secondary processes might ultimately refine our understanding of the origin of pinnacle reefs.
The evolution of pinnacle reefs
Viewed at high chronostratigraphic resolution (<1 m.y.), periods of Silurian reef growth and evolution are strongly correlated with positive δ 13 C carb excursions, which therefore constitute important temporal datums. The first two pinnacle reef tracts recorded in the geologic record correspond precisely with the Silurian Manitowoc (mid-Telychian) and Ireviken (early Sheinwoodian) excursions in the North American midcontinent. Revolutionary advances in global stratigraphic correlation provided by integrated bio-and chemostratigraphy demonstrate that these evolutionary reef episodes are traceable across Laurentia and to other regions globally. The remarkable synchroneity between δ 13 C carb isotope excursions and reef proliferation events (Figs. 2 and 9 ), also noted in younger Silurian intervals (Calner, 2006) , suggests reef evolution and δ 13 C carb excursions are mechanistically linked.
In light of the prominent correlation between Silurian reef proliferation and δ 13 C carb , we examined the upper Cambrian through Lower Devonian stratigraphic record for similar patterns using the ever-increasing availability of published δ 13 C carb profiles (Supplemental Data Table 3 for references). Extensive compilations pertinent to reef distribution in time and space and δ 13 C carb stratigraphy define a striking relationship between previously identified "reef episodes," separated by longer periods of muted reef growth, and δ 13 C carb excursions (Fig. 9) . Individual examples of this wideranging relationship were previously identified for some intervals. As mentioned in the Introduction, the late Cambrian SPICE event is characterized by a global +4.0 to +6.0h δ 13 C carb excursion. In an extensive review of calcic organisms through this interval, Lee et al. (2015) noted the correspondence between several geologic/biologic phenomena and positive carbon isotope excursions. Specifically, they note the coincidence of eustatic sea level fall, major faunal turnover, and a shift from thrombolites and dendrolites to spongemicrobial associations of maze-like reefs and columnar stromatolites. A proliferation of sponges and stromatolites dominated reefs upon the subsequent sea level rise (still within the δ 13 C carb excursion), interpreted as a resurgence of new reef-building metazoans after the decline of archaeocyaths at the end of Cambrian Epoch 2. While the relationship between abundant Lower Ordovician microbial reefs and associated δ 13 C carb excursions is not exact, a broader pattern seems reasonably well established. The metazoan colonization/diversification of reefs during the prolonged Great Ordovician Biodiversification Event (GOBE) contains the middle Darriwilian δ 13 C carb excursion (MDICE). In Laurentia, strata displaying the MDICE (Edwards and Saltzman, 2016) are considered lateral equivalents of enigmatic localized pinnacle reef occurrences that did not form a distinctive reef tract. Characterized by relatively small reefs, an early Katian reef episode in Baltica occurred during the Guttenberg Excursion (GICE; Kroger et al., 2016) . Reefs are generally missing through much of the remaining Katian. Perhaps the very first small pinnacle reef tract occurs over ∼300 km in a portion of the Baltic Basin in the latest Katian during the Paroveja Excursion. Enigmatically, during the Hirnantian Excursion (HICE), despite glacioeustastatic oscillation rivaling the Pleistocene, reefs are relatively few in number and small in stature, achieving little more than a few meters of synoptic relief (Copper, 2001) . With the exception of a few rare pinnacle reefs at the base of the Silurian, the Rhuddanian, Aeronian, and early Telychian reefs are also small, scattered, and episodic (Copper, 2002) . During the mid-Telychian, development of the pinnacle reef tract associated with the Manitowoc Excursion appears to represent a fundamental shift in the morphology, abundance, and size of reefs. Subsequent δ 13 C carb excursions ( Fig. 9) are characterized by the synchronous proliferation of pinnacle reef tracts across the paleo-tropics during the middle to upper Silurian (Calner, 2006) and into the Devonian (Bourque et al., 1986) .
While the combined geologic and biologic evidence for reef episodes through the lower Paleozoic appears to be strongly correlated with global carbon cycle perturbations, important questions remain. For example, what processes mediated the sudden evolutionary change that fostered rapid vertical reef development, resulting in pinnacle reef morphologies? The degree to which shortduration events, such as methane pulses, may be critical and inherent components of the ocean-atmosphere system responsible for pinnacle reef growth merits further investigation. As the stratigraphic records for these critical time intervals are fragmented in carbonate depositional settings, more complete records in mixed carbonate-siliciclastic systems, such as the Appalachian Basin, provide enticing venues for future study.
Conclusions
Combined high-resolution carbon isotope stratigraphy and published biostratigraphy allow refinements of the chronostratigraphic framework pertinent to late Aeronian to early Sheinwoodian strata of the Michigan Basin, providing new insights into the origin of pinnacle reefs and their relationship to Silurian carbon cycle perturbations. This framework facilitates stratigraphic correlation at unprecedented temporal resolution, identifies gaps in the succession even in complicated reef intervals, and enables correlation with deposits in the adjoining Anticosti and Appalachian basins. This study constrains the age of the first appearance of Silurian pinnacle reef tracts to the newly recognized mid-Telychian Manitowoc positive δ 13 C carb excursion.
High-resolution facies analysis within this temporal framework reveals synchroneity between global δ 13 C carb excursions, eustatic sea level trends, and reef growth. Accordingly, variations among these phenomena are likely linked through environmental forcing induced by perturbations of the global carbon cycle. The positive shift of δ 13 C carb values corresponds to eustatic shallowing that culminates in exposure surfaces, enigmatically followed by periods of rapid pinnacle reef growth. While the stratigraphic record at the peak of these dynamic events is often incomplete, we have identified tantalizing evidence that the rapid rise in sea level was facilitated by transient releases of methane responsible for warming pulses where initial acidification resulting in carbonate destruction was followed by hypercalcification and pinnacle reef formation.
The coincidence of reef episodes and δ 13 C carb excursions spans much of the upper Cambrian through Lower Devonian. Within this longer perspective, the mid-Telychian appearance of pinnacle reef tracts constitutes a distinct event. Consequently, these relationships suggest that the occurrence of early Paleozoic reefs, and correspondingly, the diversification of associate marine organisms that profoundly shaped the trajectory of Earth's evolution, were inextricably linked to the global carbon cycle. Fig. 9 . Distribution of early to middle Paleozoic reefs/reef episodes relative to a generalized δ 13 C carb record for the paleocontinents/terranes of Laurentia, Baltica, Avalon, and peri-Gondwana (see Table 2 for references). Base of reef symbol relative to time scale indicates interpreted age.
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